The electro-optic and dielectric properties of barium titanate, BaTiO 3 , nanoparticle (NP) doped nematic and ferroelectric liquid crystal materials were examined with respect to different size and concentration of the NPs. Smaller size paraelectric NPs (≈80nm) are compared to larger, ferroelectric NPs (≈240nm). It is found that for concentrations larger than 0.5vol% the ferroelectric NPs exhibit an increasing effect on the electro-optic response of the nematic liquid crystal, which is demonstrated by the enhancement of the dielectric anisotropy. This could be induced by the coupling of the electrical dipole moments in the spherical NPs with the LC director field. The electro-optical properties of the SmC* phase, like tilt angle Θ, switching time and spontaneous polarisation are found to be independent of the concentration and size of the NPs. The rotational viscosity calculated from response times, polarization reversal current and dielectric properties is comparable for all three methods employed and practically independent of particle concentration and size. The relaxation frequency of the Goldstone mode is higher in the ferroelectric NPs suspensions of 2.0vol% as compared to the smaller paraelectric NPs.
The electro-optic and dielectric properties of barium titanate, BaTiO 3 , nanoparticle (NP) doped nematic and ferroelectric liquid crystal materials were examined with respect to different size and concentration of the NPs. Smaller size paraelectric NPs (≈80nm) are compared to larger, ferroelectric NPs (≈240nm). It is found that for concentrations larger than 0.5vol% the ferroelectric NPs exhibit an increasing effect on the electro-optic response of the nematic liquid crystal, which is demonstrated by the enhancement of the dielectric anisotropy. This could be induced by the coupling of the electrical dipole moments in the spherical NPs with the LC director field. The electro-optical properties of the SmC* phase, like tilt angle Θ, switching time and spontaneous polarisation are found to be independent of the concentration and size of the NPs. The rotational viscosity calculated from response times, polarization reversal current and dielectric properties is comparable for all three methods employed and practically independent of particle concentration and size. The relaxation frequency of the Goldstone mode is higher in the ferroelectric NPs suspensions of 2.0vol% as compared to the smaller paraelectric NPs. anisotropic properties such as dielectric, refractive indices and elastic constants [1] [2] [3] to exploit the possibilities of a switchable matrix. The main objectives behind investigating NP-LC hybrid systems are to tune the properties of the liquid crystal, [4] [5] [6] [7] [8] to modify the properties of NPs through transfer of self-organisation in the liquid crystal medium, 9 and/or to obtain additional functionalities not available by either materials in their intrinsic form.
Reznikov et al. have shown that a low concentration of ferroelectric NPs doped into a nematic
liquid crystal reduces the threshold voltage, V th , to half its original value. 6 It was later reported that the addition of BaTiO 3 nanoparticles of less than 50nm size to a nematic liquid crystal approximately doubles the dielectric anisotropy, ∆ε . . 10 This is of predominant interest for LC device applications since any reduction of V th can lead to a reduction of the power consumption.
However, NP doped LC systems do not always result in improved physical and electro-optical properties. For instant, Blach et.al. 8 and Fenghua et.al. 5 showed that doping ferroelectric nanoparticles of BaTiO 3 into 4-cyano-4'-pentylbiphenyl (5CB) decreased the Fréedericksz threshold V th by approximately 30%, while no changes of V th were found by Glushchenko et al. 11 and according to Klein et al. 4 the nanoparticles even increased the treshold voltage. This could be attributed to a varied functionality of the NPs in the LC medium due to their physical and chemical properties.
The stability and dispensability of NPs in an isotropic medium have been a major challenge in colloid science. In liquid crystal based systems the instability of particle dispersions is further influenced by the order of the matrix, as well as the intrinsic properties of the particles (ferroelectric, ferromagnetic, etc.). In addition it is found that the distortion of the director field n(r) and the change in order parameter, S, depends on the size of dispersed NPs. Aggregation quickly leads to phase separation which in turn strongly influences the properties of the material under investigation.
A reduction of the particle size of ferroelectric nanomaterials will generally lead to the eventual loss of ferroelectricity at small sizes. 12 However, Basun et al. showed that the surface stress resulting from the milling technique sustains ferroelectricity even at a small sizes (<10nm) 13 .
Accordingly, the milling technique has extensively been utilised for ferroelectric NPs. 6, [14] [15] [16] [17] [18] [19] [20] [21] [22] In addition to the size, the nanoparticle surface properties are also crucial for the manifestation of a well dispersed medium. Surface modification of NPs has been mainly been employed to achieve long-term stability of NPs in the LC medium and to smoothen director distortions around NPs, 23 thus reducing the cost of elastic energy. This is often achieved by coating the surface with monomolecular organic materials, surfactants (stabiliser), or ligands. For instance, oleic acid, 7, 10, 17, 20, 21, [24] [25] [26] [27] selenium docosane 28 and dodecylbenzenesulphonic acid 29, 30 have been widely utilized for the coating of NPs.
Recently, ferroelectric nanoparticle doped liquid crystals have become the subject of interest due to their potential in the applications relating to memory effects. 24, 31, 32 These effects are achieved as the NPs are maintained in their switched state even after the removal of the electric field.
Moreover, in the isotropic phase, the mesogens around individual nanoparticles gain orientational order, which is induced by the electric dipole moment of the NPs, thus producing a microscopic pseudo-nematic domain. The nematic to isotropic phase transition temperature T N-I could be increased for an optimal concentration and well dispersed ferroelectric NPs. The wider the liquid crystal phase range, the higher the potential for display and other applications. In addition, the permanent electric dipole moment of the ferroelectric NPs could be electrically aligned with the direction of the director field or the applied electric field. This will significantly improve the electrooptic performance and especially the switching speed of so called "ferro-
While the effects of nanoparticles on LC host media have been studied widely, controversial results have so far been reported and little success was achieved to manifest novel functionalities of the LC-particle dispersions. Thus, further systematic experimental investigations are required to determine how NPs influence LC properties.
We here compare the doping effects of two different sizes of nanoparticle barium titanate, BTO1
with approximately 80nm diameter (paraelectric), and BTO2 with about 240nm diameter (ferroelectric) into nematic and ferroelectric SmC* liquid crystal phases. The electro-optic and dielectric properties were investigated in detail, also as a function of loading concentration. We use commercial liquid crystal materials 5CB and a ferroelectric Felix mixture, due to their known neat properties and wide use 4, 8, 19, 33, 34 in research and applications. Polyimide Kapton tape was used as a protective layer for the central area prior to the immersion of the substrates in hydrochloric acid (30%) for 7min to dissolve the ITO. The glasses were again cleaned for the final time, placed in a plasma chamber for 5min with oxygen circulation to remove organic residues and increase the wetting properties of the surface. As an alignment layer a solution of polyvinyl alcohol, PVA, in water (0.5 mg/ml) was spin coated onto the substrates and dried at 100ºC, followed by uni-directional and antiparallel rubbing with a velvet cloth to produce planar alignment. The quality of the alignment layers was confirmed by optical polarising images of the liquid crystal. Without plasma cleaning, the spin coating of PVA did not produce satisfactory homogenous alignment as seen in Figure 1 (a). The wetting properties were increased as the organic residues were removed in the plasma chamber, Figure 1 (b). The ITO glasses were fixed with UV cured glue (Norland N68) and Mylar spacers of thickness 13μm. The cell preparation procedure is schematically shown elsewhere. <10 Ω/□ are used. In this case, the cells were filled by capillary action in the isotropic phase. The use of commercial cells was the only possibility to achieve the surface stabilised SSFLC geometry needed for electro-optic investigations.
MATERIALS AND EXPERIMENTAL METHODOLOGY

SAMPLE PREPARATION
EXPERIMENTAL TECHNIQUE
The size distributions of the BaTiO 3 nanoparticles were determined by both scanning electron microscopy, SEM (FEI SIRION) and dynamic light scattering, DLS (Malvern). The nanoparticles are in form of a powder; with grains being aggregates of the actual nanoparticles.
To produce samples suitable for SEM experiments, the nanopowder was suspended in isopropanol (1mg/ml), and dispersed through the application of sonication, which resulted in aggregates being broken up into their constituent nanoparticles. Finally, a drop of this suspension was drop cast onto a conductive substrate of carbon films to leave homogeneously distributed nanoparticles on the substrate.
A Renishaw RM1000 Raman spectrometer with 515.3nm laser wavelength (Spectra-Physics)
and maximum output power of 50mW was employed for the Raman investigations on the BTO1 and BTO2 samples. Optical textures at increasing vol% of nanoparticles doped into LCs were investigated using a Leica DMLP polarising microscope equipped with a digital image acquisition system (uEye CP The permittivity is determined from capacitance measurements by
where C o is the capacitance of the empty cell and C is the capacitance of the cell when filled with the liquid crystal-nanoparticle dispersion. It is further
For the data analysis the generalised Havriliak-Negami equation was used to simultaneously fit the real and imaginary parts of the relaxation modes as a function of applied electric field frequency f
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:
where ε * is the complex permittivity, ε′ is the permittivity at high frequencies. ∆ε′ ε′ ε′ is the dielectric strength, with ε′ the permittivity at low-frequency, f is the relaxation frequency of a single mode, which is the Goldstone mode in the SmC* phase, α is a fit parameter which describes the width and height of the loss peak, and β a further fit parameter which accounts for a possible asymmetry of the loss peak. In its simplest and symmetric case it is α = β = 1, relating to the Debye relaxation model. 37 When 0 ≤ α ≤ 1 and β = 1, the centre of the Cole-Cole plot semi-circle is shifted below the ''=0 axis, referring to the Cole-Cole relaxation model. 38, 39 Finally, when α = 1 and 0 ≤ β ≤ 1, the relaxation peak shows an asymmetric distribution and a distorted semi-circle in the Cole-Cole plot, which is described by the ColeDavidson model. 40, 41 The most general case is described by the Havriliak-Negami model with 0 ≤ α ≤ 1 and 0 ≤ β ≤ 1. The real and imaginary parts of the complex dielectric constant are related to each other by the Kramers-Kronig relation 42 :
which implies that the frequency dependencies of ε and ε ′ have to be fitted simultaneously to obtain the dielectric strength  and the relaxation frequency f .
All of the electrooptic experiments were carried out using the same microscope based setup with The electrooptic measurements relating to the SmC* phase of the FLC were carried out on the same apparatus and included tilt angle, , spontaneous polarization, PS, and switching times, S.
First, to obtain a well aligned SmC* domain in the SSFLC geometry, an asymmetric electric field was applied to the sample while cooling from the isotropic phase. The tilt angle Θ was measured optically by applying a DC voltage of 10V to the well aligned FLC texture to unwind the helix. When the sign of the applied electric field is reversed, the long axes of the FLC molecules are reoriented through twice the tilt angle (cone angle) achieving two bistable states.
Under crossed polarisers, the transmitted light intensity I is given by
Where Io is the intensity of the incident light, ∆n the birefringence, d the cell thickness, Θ the tilt angle, and λ the wavelength of light. From the two dark positions for opposite bias field directions the cone angle 2 is determined to an accuracy of Θ within ±1°. The spontaneous polarisation was measured by the current reversal method. 43 A triangular electric field of amplitude 10V and frequency 90Hz was applied. The switching time τ was measured by applying a square wave electric field of the same conditions. To verify the sizes obtained, dynamic light scattering (DLS) was used to investigate the size distributions of the BTO nanoparticles in suspension. Various organic solvents such as dichloromethane, acetone, isopropanol, toluene, hexane, heptane, methanol, ethanol, and tetrahydrofuran were used as a medium to suspend the BTO nanoparticles. Isopropanol based suspensions were found to be the most stable, resulting in reproducible and good quality size distributions in the DLS experiment. The mean sizes that were measured by DLS were BTO1=78±28 and BTO2=250±75, equivalent to measurements from SEM.
RESULT AND DISCUSSION
CHARACTERISATION OF THE PARTICLES
Raman spectroscopy was used to examine ferroelectric properties of the nanoparticles as a function of particle size. Information about the shape of the unit cells of BTO1 and BTO2 were gained through Raman active vibration modes. 44 It was found that for a tetragonal unit cell a ferroelectric crystal is observed, while a cubit unit cell obviously did not exhibit ferroelectricity.
The Raman peaks for tetragonal BTO powder are centred at wavenumbers of 720cm . [45] [46] [47] It has previously been found that for a nanoparticle size range of 30-70nm, which are prepared by radio-frequency plasma chemical vapour deposition, the BaTiO 3 nanoparticles are present in their pseudo-cubic phase. 46 However, Millicent et. al have concluded that the ferroelectric tetragonal phase of BaTiO 3 , which are prepared chemically can be maintained down to 26nm in size. 47 This suggests that ferroelectricity depends on the methods of preparation of the nanoparticles.
The Raman shifts for different sizes of the commercial BaTiO 3 nanoparticles that are employed in the present investigation are compared in Figure 3 These peaks were recognised as the tetragonal mode that disappears above the Curie-temperature, where the phase is entirely cubic. When the concentration of nanoparticles is increased, a larger number of aggregates is formed, and the Schlieren texture is disturbed. For BTO+5CB at 1.0vol% (Figure 4(c) ) the NP aggregates are distributed randomly throughout the medium. As the sample is heated up to the isotropic temperature and cooled down to the nematic phase, Schlieren textures are observed where defects annihilate with time ( Figure 4(d) ). During the phase transition, the NPs assemble largely along the Schlieren brushes. As the defects annihilate, they leave a trace pattern of NP aggregates, following the defect centre path along the director field between a defect pair. A similar ordering of metallic nanoparticles has been observed in a dispersion with a cholesteric liquid crystal. 48 However, in the aligned homogeneous planar cells no preferred direction for the ordering of aggregates in the nematic host was observed. Therefore, as shown in Figure 5 , by increasing the concentration of BTO1 and BTO2, the agglomerates increased regardless of the size of the NPs. In addition, attempts were made to minimise the agglomeration of the NPs in the nematic medium, by coating the surface of the BaTiO 3 nanoparticles with phosphoric acids, particularly octadecyl phosphonic acid (ODPA) (Sigma-Aldrich), as recommended by Paniagua et. al. 49 Nevertheless, our investigations showed an even faster aggregation rate than that of the untreated nanoparticles, also with the use of an appropriate solvent, such as dichloromethane and application of extensive sonication. Especially when the solvent was evaporated, causing an isotropic to nematic transition, aggregation was enhanced strongly for the modified nanoparticles. For the investigations it was thus decided to employ nanoparticles without further surface treatment, dispersions being obtained solely by mixing and sonication.
FRACTAL ANALYSIS OF THE BTO AGGREGATES
Due to their obvious complexity the aggregates of BaTiO 3 nanoparticles in the nematic medium 5CB suggest a further analysis by fractal geometric methods. The images with a resolution of 2048 × 1088 pixels were analysed by software Benoit 1.3, using the box dimension method. The photographs of the textures were first thresholded and converted to binary images, a procedure which is exemplary depicted in Figure 6 
where N(l) is the number of boxes of length l being occupied by the aggregate. the dimension saturates at a value of approximately =1.9 at 4.0vol.% for both sizes of nanoparticles. It is noteworthy to mention that the saturation dimension of =1.9 is equivalent to that of 2D percolation clusters at the percolation threshold. 51 At this percolation threshold concentration of approximately 4.0vol% the BaTiO 3 aggregates form a single cluster that spans through the whole of the sample, which due its physical dimensions can be considered to be 2D.
NEMATIC-ISOTROPIC TRANSITION (T N-I )
The nematic to isotropic transition temperatures were examined using both polarising optical microscopy and differential scanning calorimetry DSC. whereas in the current study the clearing point is not affected appreciably for 5CB.
DIELECTRIC PROPERTIES
In Figure 7 nanoparticle dipoles align to a certain extent, thus contributing to the dielectric constant. This is largely pronounced for the ferroelectric nanoparticles BTO2, while it is not observable for the paraelectric particles BTO1. Similarly, it has also been reported that ∆ is found to increase with increasing concentration for other ferroelectric nanoparticles, for example tin hypothiodiphosphate Sn 2 P 2 S 6 .
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In addition, the enhanced dielectric anisotropies in the larger nanoparticle system (BTO2+5CB) indicates that the ferroelectricity of the NPs is maintained as the mixtures are prepared mechanically by using pastel and mortar.
It is worth noting that the changes in the measured dielectric permittivities were within experimental error when the loading concentrations were lower than 0.5vol%. However, such lower loading has been preferred in other investigations to maintain the director field least perturbed. The effective dielectric anisotropy ∆ . of the suspension can be defined as
where and are the volume fractions of the LC and the NPs respectively. Since the dielectric anisotropy of the ferroelectric NPs is approximately 2750, 11 and for pure 5CB about 11.5, it is expected that ∆ . would be of the order 40 for 1.0vol% of ferroelectric nanoparticles. Figure 7(c) shows that the measured ∆ . is considerably smaller than the one calculated. This could be explained by the fact that the local electric field is inhomogeneous throughout the medium due to the field depolarisation. 
FRÉEDERICKSZ TRANSITION
The threshold voltage corresponding to the Fréedericksz transition is given as 56 ∆
Thus V th depends on the competition between splay elastic constant K 11 and the dielectric anisotropy ∆ . As indicated in Figure 8 (a) the threshold voltage increases linearly with the volume percentage of the nanoparticles for small concentrations. Within the limits of error this increase in threshold voltage is independent on nanoparticle size. The elastic constant also increases with increasing nanoparticle concentration. This increase is slightly larger for the larger sized BTO2 than then smaller BTO1 particles (Figure 8(b) ). 
ELECTRO-OPTIC PROPERTIES
The time required for the director to respond to an applied voltage above V th , τ , and time to return to its zero volt state, τ , are given as 56,57
where is the rotational viscosity, the cell gap, ∆ ′ the dielectric anisotropy, the splay elastic constant, and V the applied voltage. Figure 9 depicts both times as a function of BaTiO 3 particle concentration for both the smaller and the larger NPs. The electric field driven switching process, or on-time, is found to be practically independent of size and concentration, within the limits of error (Figure 9(a) ). On the contrary the off-time for the elastically driven reorientation is observed to decrease with increasing nanoparticle concentration as depicted in Figure 9 (b). This implies that the elastic interactions between liquid crystal and nanoparticles increases with increasing concentration, which was already reflected by the increase of the elastic splay constant K 11 ( Figure 8(b) ). It is interesting to note that this behaviour is also practically independent of nanoparticle size. 
NP DOPED FERROELECTRIC LIQUID CRYSTAL FLC
OPTICAL POLARISING TEXTURES
The optical polarising microscopic images of various concentrations of BTO doped FLC are shown in Figure 10 . It can be seen that the texture of the suspensions appears similar to that of the pure FLC, Figure 10 (a). This means that the NPs are well dispersed without significant aggregates and not perturbing the director field. In contrast to the nematic liquid crystal of a single molecular species 5CB, the particle dispersion for the commercial multi-component FLC is observed to be enhanced. In the latter case we do not observe large aggregates of nanoparticles but well dispersed particles, except for regions of domain boundaries. This implies that the dispersion stability is strongly dependent on the nature of the liquid crystal host.
Since PVA spin coating did not provided sufficient quality of alignment for the FLC material and its suspensions, commercial cells with a cell gap of d ≈5µm are used. Thus, any aggregates larger than the cell gap would be size excluded during the cell filling process in the isotropic phase. Upon cooling from the isotropic phase, (similar to the BTO+5CB dispersions) the nanoparticles are aggregating at the defects, here the fan-shaped domain boundaries, of the SmC* phase. This behaviour is demonstrated in Figure 11 (a) and (b), showning the liquid crystal between crossed polarisers and without polarizers, respectively. 
TILT ANGLE, SPONTANEOUS POLARISATION, SWITCHING TIME
The temperature dependence of the most important FLC quantities for applications, tilt angle Θ, 
where R is the resistance of the current-to-voltage amplifier and A is the active electrode area of the sandwich cell. 
The main reasons behind this discrepancy could be attributed to the random distribution of the ferroelectric NPs in the FLC host. Thus the corresponding dipole moments will largely cancel in fact reducing the total spontaneous polarisation due to dilution of the dipole density. Similarly, the tilt angle and response times are little influenced by suspending ferroelectric NPs in the ferroelectric liquid crystal host. The general results of experimentally determined parameters Θ and for the here studied FLC Felix M4851/050 are thus in accordance with previous studies.
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DIELECTRIC SPECTROSCOPY
Dielectric spectroscopy does not only reveal the dielectric constants and their anisotropy, but also provides information about potential relaxation processes. In the SmC* phase these are namely the Goldstone mode, related to director fluctuation on the tilt cone, and the Soft mode, which is related to fluctuations in the modulus of the tilt angle. While the former is usually observed without hesitation, the latter relaxation mode can be quite small and is often only observable in the close vicinity of the SmA*-SmC* (paraelectric to ferroelectric) phase transition. Dielectric spectroscopy can further be employed to estimate the temperature dependence of the rotational viscosity, as shown below. The temperature dependence of the dielectric properties for the pure and nanoparticle doped FLC is shown in Figure 13 . For all five samples, the effect of different concentrations of both NPs (small size, paraelectric BTO1, open symbols) and (larger size, ferroelectric BTO2, closed symbols) on the pure FLC are depicted for the permittivity ′, the dielectric loss " and the conductivity . The Goldstone mode can be determined by the generalised Havriliak-Negami equation (3) . An example for a fit of experimental data is shown in Figure 13 
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The permittivity ' is only little affected by the dispersed nanoparticles, changing values within experimental error of approximately 0.1. The dielectric loss " values appear to slightly increase for the nanoparticle doped systems, as compared to the neat FLC mixture. Small concentrations of nanoparticles seem to have a larger effect than more excessive doping, a behaviour which is also observed for the electric conductivity .
The temperature dependence of the Goldstone mode relaxation frequency for the pure FLC and doped samples is shown in Figure 13 (c). The trend indicates that relaxation frequencies increase with temperature, reach a maximum at approximately 20K below the Curie temperature, and then decrease again when approaching further to the SmC* to SmA* phase transition. A similar behaviour has been reported for Goldstone mode relaxation frequencies before. 62, 64, 65 It might be caused by the competition between the temperature dependence of the elastic constant and that of the viscosity in the SmC* phase (equation (14)) as given by 66 ~ η (14) where is an effective elastic constant and  the viscosity for a director reorientation along the tilt cone.
ROTATIONAL VISCOSITY
As mentioned above, the rotational viscosity  can be determined by several different methods, from electrooptic response times (equation (16) 
where is the electric field at the maximum value of electric current , and
where the permittivity of free space, and is the dielectric strength of the Goldstone mode.
The experimental results of η T T for pure and doped samples are shown in Figure 14 for all three outlined methods. In all cases similar values are obtained for the rotational viscosity, which decreases with increasing temperature, as expected. A more rapid decrease is observed in the vicinity of the SmC* to SmA* transition, which can be attributed to the softening of the potential and the electroclinic effect. No clear trends or significant differences in values between the neat ferroelectric liquid crystal and the nanoparticle doped samples are observed. 
